Abstract
I. Introduction
When calculating the photon dose in teletherapy it is sometimes attractive to separate the total dose, D, into primary, P, and scatter dose, S, according to: 1, 2 D P S P SPR P SF = = + + = = ⋅ ⋅ + + = = ⋅ ⋅ ( ) 1 (1) where SPR is the scatter-to-primary ratio and SF is the scatter factor. The primary dose is determined by the incident photon beam and can be further divided into its dependence on depth, d, collimator setting, c, and off-axis distance, r:
where A, H and OAR are abbreviations for attenuation, head-scatter factor and offaxis ratio, respectively. The off-axis ratio is defined as the ratio between the primary dose off and on the central axis, sometimes also named off-center ratio or primary offcenter ratio. [3] [4] [5] [6] [7] This ratio is required for calculations in asymmetric fields where the calculation point is not on the central axis. Eq. (2) presumes that H and OAR are mutually independent and that electron equilibrium is present.
Both the head-scatter factor and the off-axis ratio should be measured "in air" under conditions where there is no scatter contribution from the measurement device. In practice, a small inevitable scatter contribution can be tolerated as long as it cancels out in relative measurements. Such measurements are normally performed with a buildup cap, thick enough to generate full dose build-up at the depth of dose maximum.
However, there are some drawbacks with this technique;
8-11 a) Contaminating electrons from the treatment head and the air may contribute to the measured dose.
b) The depth of the dose maximum may vary with field size and beam modifying devices.
c) To be applicable in small field sizes, a high-Z build-up cap has to be used. This is undesirable because of different interaction properties between high-Z materials and water.
To avoid these problems it has been recommended 8,12 that "in-air" measurements are carried out at depths exceeding the depth of maximum dose, using a mini-phantom rather than a conventional build-up cap. Comparisons between these two methods for head-scatter measurements can be found in the literature.
8,14
In this paper we investigate the feasibility of using a mini-phantom also for off-axis measurements. Possible effects of off-axis beam softening 13, 18 , leading to altered attenuation and scatter conditions in the mini-phantom, are examined using models based on the effective attenuation coefficient, [15] [16] [17] which is measured in a narrow beam geometry.
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II. Theory
Relative dose measurements using the mini-phantom may according to Eqs. (1)- (2) be expressed as: 
where index "ref" denotes reference conditions. Due to the volume of the miniphantom, the effects from attenuation and scatter are not negligible. The scatter factor applies to the irradiated volume defined by the shape and the size of the mini-phantom, 
Thus, if k(r) is known, OAR can be determined by relative dose measurements using a mini-phantom.
The relative effect from attenuation is simply:
For the calculation of the scatter factor we use a semi-empirical expression derived by
Bjärngard et.al., which has shown to be in good agreement with measured scatter factors, especially for small field sizes and at shallow depths:
where s is the field size at depth d. Note that the volume of our "beam-divergent" mini-phantom is the same as the irradiated volume of a large phantom at a depth of 5 cm and with a field size of 4*4 cm 2 . Therefore, it is possible to use Eq. (8) for calculation of the scatter factor in the mini-phantom.
The parameters a and w depend on µ , according to:
w=1.44-14.8µ µ
Thus, given the parameters s and d, we only need µ(r) to calculate both attenuation and scatter in the mini-phantom at off-axis positions. The combined effect is defined by Eq. (6) and denoted by k(r).
Consequently, OAR can be derived by dividing the dose ratio measured with a miniphantom with k, and the result would then be the primary dose off-axis ratio.
III. Materials and Methods
All measurements were performed with 6-MV and 18-MV X-ray beams from a Philips SL25 linear accelerator at Lund University Hospital.
A. Off-axis measurements with the mini-phantom
The mini-phantom is divergent with the fan-lines of the beam and is made of polystyrene (white), with a relative electron density compared to water of 1.04, see One conceivable disadvantage by moving the mini-phantom in a perpendicular direction to the central axis is that the photons will have an oblique incidence. Testing of these possible misalignment effects was performed by comparing results from these measurements with measurements where the mini-phantom, with the diode, was tilted towards the target as described in Fig. (2) . 
Here δ is the depth of the detector (5 cm) in a polystyrene phantom. We have ignored beam hardening in Eq. (11) since the effect is small. To accomplish a "non-scatter condition" the gantry was set to 90° and the patient support assembly was aligned with the beam direction. A plastic water tank was placed on the patient support assembly at the isocenter, and the phantom, with a diode, at the other end about 2.5 m away from the target. This, together with a small field size, minimized the effects of scatter to a degree where it could be assumed to be negligible. The field size at isocenter, s=c=2
cm, fully covers the phantom at 2.5 m, thus all the criteria for a narrow beam geometry are fulfilled. The water thickness include the plastic walls of the tank, converted to water equivalent depth.
Measurement at off-axis positions in the A-B direction were made according to Fig.   (3) . With this method the limitation in maximum off-axis distance (12.5 cm) is due to the limited collimator off-set when using small field sizes. This problem can be avoided with an external collimator in combination with a large field size.
The calculations of attenuation, scatter and the combined effect, k, in the miniphantom were then accomplished by using Eqs. (6)- (10).
IV. Results
A. Off-axis measurements with the mini-phantom
An increase in D/D ref with off-axis distance was measured, reaching 5 % at 12.5 cm.
There was no significant difference between the diode and the ionization chamber nor between aligned and misaligned mini-phantom (less than 0.4 %). Neither was there any difference (less than 0.5 %) between the mini-phantom and the build-up cap.
.
B. µ µ-measurements and calculations of A and SF in the mini-phantom
The measured µ-values are plotted in Figs. (4) and (5) (6) and (7), together with the combined effect k, as a function of offaxis distance. The results at maximum r=12.5 cm are summarized in Table I .
V. Discussion
There are several potential advantages of using a mini-phantom rather than a buildup cap for OAR measurements. First, it reduces the influence of contaminating electrons. In our particular case, however, we see no significant discrepancy between the mini-phantom and the build-up cap; less than 0.5 %. Second, the consistency with the proposed method of choice for head scatter measurements is desirable. There is no reason for using two different techniques. Finally, and maybe most important, through
Eq. (4) we have a congruous semi-empirical formalism for relative dose measurements using the mini-phantom, which does not exist when using a build-up cap.
We have found the mini-phantom reliable and easy to use. The maximal deviation due to misalignment of the mini-phantom relative to the beam was less than 0.4 %, and there was no significant difference between the two detector systems (diode and ionization chamber).
However, the shift in attenuation and scatter could possibly affect the result. These effects were calculated with Eqs. (7)- (11) where the only parameter needed was the effective attenuation coefficient, µ(r), at different off-axis positions, determined in narrow beam measurements. Assuming radial beam symmetry, the µ(r) measured in the A-B direction can be used for the entire field. A more accurate description of the incident photon beam would be to make a map of µ(r), including a matrix of points covering the field. Our measured µ extends only to a distance of 12.5 cm which of course is a limitation. This may be avoided by using external blocks in combination with a large field size.
The results of the calculation of attenuation and scatter in the mini-phantom showed that the attenuation decreases and the scatter increases with off-axis positions. The combined effect, k, is close to unity for 6-MV and less than 1 % for 18-MV within 12.5 cm from the central axis. Thus, there seems to be no need to correct for the combined effect inside a 12.5 cm radius.
The final statement we would like to make is a caution. There can sometimes be a temptation in making a correction for the shift in attenuation when going off-axis, since this is rather easy. But doing this without any consideration to the shift in scatter properties can do more damage than good, due to the fact that the two effects are in opposite directions.
VI. Conclusions
When using a mini-phantom for primary dose measurements the results are influenced by beam softening, which implies changes in both attenuation and scatter properties. We have demonstrated that these effects can be quantified using semiempirical formulas. The attenuation effects amounts to nearly 2 %, but since the scatter effect goes in the opposite direction our conclusion is that no correction is needed within a 12.5 cm radius of the central axis of the beam.
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